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Abstract
This work explores the promise of aqueous solutions of blended methyldiethanolamine (MDEA) and piperazine (PZ) as a cost-
effective absorbent for carbon dioxide (CO2) capture from power plant flue gas streams. The hanging film experiment is used to 
study the law of the corrosion of blended MDEA/PZ containing different CO2 loading with carbon steel and stainless steel. 
Electrochemical corrosion experiments were carried out using the potentiodynamic polarization technique for carbon steel 
corrosion measurements. Many factors are taken into account, including temperature, CO2 loading, mixing ratio of blended 
MDEA/PZ. The results show that the corrosion rate of carbon steel increases with solution temperature, concentration of PZ, CO2
loading of solution. 
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
The world is generally in the development of CCS technology to reduce CO2 emissions in response to global 
climate change. As an effective post -combustion capture technology, chemical absorption method is regarded as the 
most promising one of the capture technologies [1]. The process has been applied successfully for several decades in 
areas such as natural gas processing or coal gasification. But with the running of equipment, the corrosion of 
equipment is also increasing, therefore, studying the law of the corrosion by the absorbent will provide an important 
practical guide for the application of CCS in industry [2]. In such industrial processes, corrosion represents one of the 
major operational problems. For the capture of CO2 from flue gas using amine, the problem is not only because the 
absorbent, but also degradation products. Many absorbents have been applied to this chemical absorption process. 
Such as aqueous solutions of alkanolamines, potassium carbonate, and blended absorbent. Many researchers have 
investigated piperazine (PZ)-based blends. Their results indicated that PZ is an effective promoter in 
monoethanolamine (MEA), methyldiethanolamine (MDEA), and potassium carbonate solutions from both 
thermodynamic and kinetic perspectives. [3-5]
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2. Experimental apparatus and methods
2.1 Experimental Apparatus
This experimental apparatus have two parts, one is the hanging film experimental system and another is the 
Electrochemistry experimental system. Fig. 1 shows the Schematic experimental system. Cylindrical glass vessels 
with port at one end, height 20cm, outside diameter 15cm, stainless covers that fit glass vessels, silicone gaskets that 
used to seal, magnetic stirring apparatus, limits of temperature 0-99 . The experimentationshould respect the GB 
encoding standard <JB/T7901-1999>. 
Fig. 1 Schematic experimental system Fig.2 Experimental apparatus
Electrochemical method is the application of principle of electrochemical reaction, such as get the corrosionrate 
by measuring the solution generated voltage. Fig. 2 shows the Electrochemistry experimental system. CHI604C 
electrochemical workstation made by Shanghai Chenhua Instrument Company was used. It contains fast digital 
signal generator, high-speed data acquisition system, potential current signal filter, multi-signal gain, iR drop 
compensation circuit, and the potentiostat/galvanostatic (660C). It can be used to measure the steady state current of 
the ultra-microelectrode. It include almost all the commonly used techniques of electrochemical measurement, such 
as constant potential, constant current, potential sweep, the current scan, potential step and current step, pulse, 
square wave, AC voltammetry, hydrodynamic modulation voltammetry, coulometry, potentiometry and impedance. 
It is easy to switch between different techniques. We can get the Tafel curve and AC impedance direct.
2.2 Hanging film experiment
2.2.1 Preparation of samples
The coupons should be area-large; the ratio of side-face to total-face should be small. The size of the samples is
, :50 25 2l b h mm! ! ! ! . A hole that 2mm∀ # on one end of the samples in order to hang them.
Firstly the samples should be polished, it is important to make sure that single sand-paper should match samples 
of single material. Secondly, the polished samples were cleaned with water and pasty magnesia. And then, the 
samples were degreased by acetone and ethanol. Finally, the samples should be dried quickly. Then the samples can 
be weighed.
2.2.2 Deploy of solution
In each vessel there is 2kg solution, in which the ratio of MDEA is 45%, PZ is 5%. 6 vessels were divided into 3 
groups, one of which do not inlet CO2, and in the other two groups, the ratio of CO2 to amine in amount of substance 
is 0.1 and 0.2. The ratio of CO2 can be curtained by mass gain method.
2.2.3 Process of experiment
Keep solution temperatureat 40 , and then hang the weighed samples in the given way. It is important to make 
sure that samples should not touch each other.In the process of the experiment, it is required that observing the 
change in vessels and record the experimental phenomenon s.
2.2.3 Post-treatment of coupons
Remove the coupons when time is up(30 days), before treating those in methods below, should clean the coupons 
with brush in order to remove the rust on surface, then clean the coupons in de-ionized water and ethanol, finally 
weigh them. Table 1 shows the post-treatment condition.
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Table 1. Post-treatmentcondition
material Carbon -steel (CS) Stainless-steel (SS)
reagent NaOH  20%
Zn 200g/L
HNO3 100ml
Add water to 1000ml
temperature/ 100 60
time/min 50~30 20
2.2.4 Post-treatment of coupons
The corrosion rate is pressed as the corrosion depth per unit time and per unit area， the formula that GB 
encoding standard <JB/T7901-1999> gives is as following:
Corrosion rate 
108.76 10 ( )tM MR
STD
! ! ∃#
R is corrosion rate， M is mass before experiment，
tM is mass after experiment， S is area of sample surface，
T is experimental time， D is density of samples.
2.2.5 Experimental condition
Table 2 shows the Experimental condition.
Table 2. Experimental condition
concentration of amine 
(kmol/m3)
Temperature
( )
Mass ratio 
(MDEA/PZ）
CO2 loading 
(CO2/amine)
4.94 40 9：1 0，0.1，0.2
2.3 Electrochemistry experiment
The research electrode method that the reactions occurred on the electrode, it is important to make sure that 
exposed surface area of it should be determined, because the surface area is use to calculate the current density. To 
determine the surface area, the research electrode should be sealed. There are many ways to seal it, such as smearing 
it, thermoplastic to seal, epoxide-resin to seal. It is very important to make sure that the surface of the electrode is 
clean, no oxide film and no edges and corners. The application of auxiliary electrode is completing the circuit with 
the research electrode in the electrochemical measurement, allowing the electricity to flow, in order the chemical 
reactions occurred on the research elect rode. The material of auxiliary electrode should have the quality such as 
nonpolarizable, impervious to the electrolyte solution. It can be made of platinum. Reference electrode is a electrode 
that its electric potential is certain and it is a non-polarizing electrode. There are no current through the reference 
electrode in the electrochemical measurement. It is used to measure the electrode potential of the research electrode.
2.3.1 Heating system:
Wiggens magnetic stirring apparatus is used, the range of temperature is 0-200 , and this stirring apparatus 
could heat the tank with stirring.
2.3.2 Solution preparation
Prepare several kinds of solution as following: MDEA/PZ mixtures, the ratio of the MDEA to PZ is 6:1, 2:1 and 
1:1. The consistency of the amine is .Then pass the CO2 into the solution, the CO2 loading is 0, 0.1, and 0.2.
2.3.3 Data acquisition
Tafel curve: pour the solution that prepared into the electrolytic cell, and then put the research electrode made of 
carbon steel to the solution. The electrode should be polished with sandpaper, washed with de-ionized water, deoiled 
with acetone. Before put it to the solution, we should dry it with cold air and place it in air about 10 min. Tafel scan 
will be done 60 min later since the electrode is put to the solution. Sweep speed: 0.5mV/s.
AC impedance: before put the electrode into the solution, it should be polished with sandpaper, washed with de-
ionized water, deoiled with acetone, and dried with cold air. EIS Parameters: frequency coverage 0-100000Hz, AC 
excitation signal amplitude 10mV.
2.3.4 Experimental condition
Table 3. Experimental condition
Temperature
( )
Ratio
(mol MDEA/PZ)
CO2 loading
(CO2/amine)
40, 60, 80 1:1,2:1,6:1 0, 0.1, 0.2
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3. Experiment result and discussion
3.1 Effect of CO2 loading on stainless steel Corrosion
In order to study the influence of the CO2 loading, experiment chose three typical loading values at 40 . Loading 
value is 0 means there is no CO2 in the absorbent. In another words, the experiment result is the corrosion of the 
absorbent. When the loading value is 0.1, it is the typical loading value in the stripping tower, and 0.2 is the typical 
loading value in the absorb tower. Table 4 shows the corrosion rate effect of CO2 loading. The CO2 loading in amine
solution was determined by a standard method given by the Association of Official Analytical Chemists (AOAC),
namely, the official method of determining CO2.
[7]
Table 4. Corrosion rate effect of CO2 loading
Loading Corrosion rate (μm/a)
Fully-wet Half-wet In air
0 0.10685 0.07123 0.02191
0.1 0.12602 0.11780 0.13424
0.2 0.18082 0.21370 0.29589
Placement varies from fully-wet half wet and in-air, so we can get the three corrosion rates in different location. 
Fig. 3 shows the corrosion rate is increasing with the CO2 loading, it is because the increasing of the CO2, which 
dissolve in water to H2CO3 without oxygen：
2 2 2 3CO H O H CO% &
Steel is soluble in acid, so the reaction at the positive is [8.9]
22Fe e Fe∃ %∃ ∋
And the reaction at the negative is
22 2H e H
% ∃% ∋
So the overall reaction is 
2 3 3 2Fe H CO FeCO H% ∋ %
This experiment results improved that with the increasing of CO2 loading, the CO2 convert to H2CO3, this made 
the steel reaction with the solution. The corrosion is increasing with the CO2 loading.
Fig.3 Effect of CO2 loading
3.2 Effect of O2 on stainless steel corrosion
In order to study the influence of the O2 on stainless steel corrosion, we chose three types hanging mode, such as 
fully-wet, half-wet and air. Fig. 4 and fig. 5 shows the experimental results at 0.1 and 0.2 loading. The corrosion rate 
is increasing with the CO2 loading grows when the placement of samples is given, by which we can get the 
conclusion that CO2 push the corrosion of stainless steel. It is obvious that the corrosion rate is bigger in air than 
fully-wet and half-wet when the CO2 exist. We can conclude that oxygen can push the corrosion. It because the 
reaction which between the steel and the absorbents is effected by the O2.  If considering the existing of oxygen, the 
reaction is change to
3 2 2 3 2 34 10 4 ( ) 4FeCO O H O Fe OH H CO% % ∋ %
0
0.1
0.2
0.3
0 0.1 0.2
SS-Fully-wet
SS-Half-wet
SS-Air
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More FeCO3 was reacting with the oxygen, and more H2CO3 was produced, so the corrosion is increasing with
the oxygen.
Fig. 4 Three hanging mode at 0.1 loading Fig. 5 Three hanging mode at 0.2 loading
  The experiment also shows the corrosion is very small in stainless steel. 
3.3 Effect of O2 on carbon steel Corrosion
In order to study the influence of the O2 on carbon steel corrosion, we do the carbon steel corrosion experiment in 
the same condition with stainless steel. The experiment result shows in the table 5.
Table 5. Corrosion rate effect of CO2 loading
Loading Corrosion rate（μm/a)
Fully-wet Half-wet in air
0 -0.96868 -0.47603 0.65870
0.1 -0.39854 -0.66424 2.77873
0.2 0.06642 -0.22694 12.33826
It is obvious that the several groups of data are minus, we can do it to some fact: The corrosion on the carbon steel 
turns out to be not even; It is hard to clean the rust exhaustively; The coupon corrosion test is a inaccuracy test, we 
can only get a preliminary result. And we should use the data that is efficacious, then we can use the corrosion rate 
that the CS is in air: It is obvious that the corrosion rate grows as the CO2 loading grows, by which we can get the 
conclusion that CO2 push the corrosion of carbon steel.
In this experiment, we study the phenomenon and mechanism of steels’ corrosion roughly using coupon corrosion 
test, we can get conclusion that CO2 and O2 can both push the process of corrosion to carbon steel and stainless steel. 
And we can find that O2 make contribution only when CO2 exists. It is no doubt that this experiment is rough. And 
because of the limit of coupon test, the result error turns out to be large. It is important to perfect the experiment. 
But it is enough to make a rudimentary understanding of the corrosion of steel in amine. Electrochemical method 
would be in use to get more details of that.
3.4 Effect of Temperature on carbon steel Corrosion
Electrochemical method is the application of principle of electrochemical reaction, such as get the corrosion rate 
by measuring the corrosion current. In order to study the influence of the temperature, we chose three temperature 
points. Fig. 6 shows the Tafel curve in the difference temperature.
Fig. 6 Tafel curve solution temperature is 40, 60, 80℃
0.1
0.11
0.12
0.13
0.14
Fully-wet Half-wet In air
0
0.1
0.2
0.3
0.4
Fully-wet Half-wet In air
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Table 5 shows the corrosion rate by taking use of the data in fig. 6.
Table 5. Corrosion rate differs when temperature is 40, 60, 80
Temperature
(℃)
Corrosion current
(μA)
Corrosion current density
(μA/cm2)
Corrosion rate
(mm/a)
40 1.001 1.853 0.022
60 9.272 17.170 0.200
80 14.5 26.851 0.313
Fig. 6 shows that the Tafel curve move right, the corrosion current density grows when the temperature grow up, 
because the increase of temperature pushes the rate of metal dissolution and the oxidation-reduction reaction. In 
addition, we find that the curve in 80℃ is different to the other two curves, the corrosion current increases firstly 
and then decreases in the -0.7V~-0.6V, it is because of the passivating coating. We all know that the passivation 
coating will arise in the process of corrosion; this cover can strengthen the inoxidability of the electrode. The 
process of film’s form is as followed:
Fig. 7 Anode polarization passivation coating’s form
Fig. 7 shows the Anode polarization when passivation coating’s form, AB is the active region, BC is the 
intermediate region when which the metal begin to turn passivation, CD is passivation region, DE is trans-passive 
region in which the corrosion current increase heavily. In the Tafel curve we can find that, when the temperature is 
80℃, anode polarization does not form steady passivation region after intermediate region,  the current increase 
instead. It shows that the passivation coating is ravaged in 80℃ . Because the oxidation-reduction reaction is 
exothermic reaction usually, so the high temperature will push the dissolve of passivation coating.
3.5 Effect of the MDEA/PZ mixtures ratio on carbon steel Corrosion
In order to study the influence of the MDEA/PZ mixtures ratio on carbon steel corrosion, we do the carbon steel 
corrosion experiment in the different MDEA/PZ mixtures ratio. The experiment result shows in the fi g. 8.
Fig. 8 Tafel curve MDEA/PZ 6:1, 2:1, 1:1
From the Tafel curve, we can find that the curves showing electrode polarization are similar when the ratio of PZ 
changes. It means that the electrodes are all corroded, but the corrosion current density grows with increase of PZ. 
That is to say, the corrosion rate increases with increase of PZ. And from the AC impedance, we know that the 
radius of capacitance arc decreases by increase of PZ, it means the corrosion current grows by PZ’s increase.
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The reason because the electrode reaction occurred in all the solutions, the electrode react as the equation
22Fe e Fe∃ %∃ ∋ . So we can find that all the electrodes are corroded. The PZ push the progress of corrosion, because 
the causticity of PZ is strong than MDEA, so the reduction reaction differs from the pure MDEA solution. We know 
that the Fe2+ appears oxidation reaction. The Fe2+ ion bond with the ion produced in the reduction reaction, on the 
basic of the complex reaction. Because the potential of the complex reaction with PZ is higher than that with MDEA, 
so the corrosion is fast with the increase of PZ.
Table 6 shows the corrosion rate by taking use of the data in fig. 8.
Table 6. Corrosion rate differs MDEA/PZ ratio
MDEA/PZ Corrosion current
(μA)
Corrosion current density
(μA/cm2)
Corrosion rate
(mm/a)
6:1 1.001 1.853 0.022
2:1 2.767 5.124 0.059
1:1 3.479 6.442 0.075
3.6 Effect of the CO2 loading on carbon steel Corrosion
In order to study the influence of C O2 loading on carbon steel corrosion, we do the carbon steel corrosion 
experiment in the different CO2 loading. The experiment result shows in the fig. 9.
Fig. 9 Tafel curve CO2 loading is 0, 0.1, 0.2 Fig. 1 0 AC impedance CO2 loading is 0, 0.1, 0.2
Table 7 shows the corrosion rate by taking use of the data in fig. 9.
Table 7. Corrosion rate differs MDEA/PZ ratio
CO2 loading Corrosion current
(μA)
Corrosion current density
(μA/cm2)
Corrosion rate
(mm/a)
0 1.001 1.853 0.022
0.1 34.14 63.222 0.737
0.2 38.55 71.388 0.833
We can see that the corrosion current density increases sharply when the CO2 loading increase from the Tafel 
curve. And in the AC impedance, we find that the polarization resistance decreases when CO2 loading increase. All 
the data show that the corrosion rate grows when C O2 loading grows. It is because of that the CO3
2- and HCO3
- ions 
arise after the CO2 is added, these ions will connect with Fe
2+ and disturb the balance, so the anticathode will be 
corroded. And the solution of CO2 is acidic.
4. Conclusion
In this paper, we study the phenomenon and mechanism of carbon steel and stainless steel corrosion roughly 
using coupon corrosion test, we can get conclusion that CO2 and O2 can both push the process of corrosion to carbon 
steel and stainless steel,  and O2 make contribution only when CO2 exists. In the Electrochemistry experiment, we 
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study the influence of ratio of PZ, temperature, passivation coating and the CO2 loading to the corrosion of carbon 
steel in MDEA/PZ blended amine solution. We can draw the conclusion that the solution’s causticity will increase 
with the PZ concentration and the higher the temperature, the stronger the causticity of the amine solution. The 
solution’s causticity will increase with the CO2 loading.
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